A critical component of laboratory surveillance for measles is the genetic characterization of circulating wildtype viruses. The World Health Organization (WHO) Measles and Rubella Laboratory Network (LabNet), provides for standardized testing in 183 countries and supports genetic characterization of currently circulating strains of measles viruses. The goal of this report is to describe the lessons learned from nearly 20 years of virologic surveillance for measles, to describe the global databases for measles sequences, and to provide regional updates about measles genotypes detected by recent surveillance activities. Virologic surveillance for measles is now well established in all of the WHO regions, and most countries have conducted at least some baseline surveillance. The WHO Global Genotype Database contains .7000 genotype reports, and the Measles Nucleotide Surveillance (MeaNS) contains .4000 entries. This sequence information has proven to be extremely useful for tracking global transmission patterns and for documenting the interruption of transmission in some countries. The future challenges will be to develop quality control programs for molecular methods and to continue to expand virologic surveillance activities in all regions.
A critical component of laboratory surveillance for measles is the genetic characterization of circulating wild-type viruses to provide support for molecular epidemiologic studies [1, 2] . The World Health Organization (WHO) Measles and Rubella Laboratory Network (LabNet) provides for standardized testing and reporting, with laboratories in 183 countries. The primary function of LabNet is to provide laboratory confirmation of suspected cases of measles and rubella [3, 4] . LabNet also supports genetic characterization of currently circulating strains of measles virus and is responsible for standardization of the nomenclature and laboratory procedures that are used for genetic characterization of wild-type measles and rubella viruses [5] [6] [7] [8] [9] . This standardization has allowed sharing of virologic surveillance data among laboratories and permitted efficient communication of this data throughout the measles control programs [10] . For molecular epidemiologic purposes, the genotype designations are considered the operational taxonomic unit, whereas related genotypes are grouped by clades. The WHO currently recognizes 8 clades, designated A, B, C, D, E, F, G, and H. Within these clades, there are 23 recognized genotypes, designated A, B1, B2, B3, C1, C2, D1, D2, D3, D4, D5, D6, D7, D8, D9, D10, E, F, G1, G2, G3, H1, and H2, and 1 provisional genotype, d11. Viruses with related sequences within some of the genotypes (eg, B3 and H1) are referred to as clusters. The WHO recommends that the 450 nucleotides coding for the COOHterminal 150 amino acids of the nucleoprotein (N -450) are the minimum amount of sequence data required for assigning a measles genotype [8, [11] [12] [13] [14] .
Virologic surveillance for measles was initiated in response to the global measles resurgence that occurred in the late 1980s [15] . These activities have increased significantly during the past 10 years because of the expansion of LabNet. The goal of this report is to briefly describe the lessons learned from nearly 20 years of virologic surveillance for measles, to describe the global databases for measles sequences, and to provide brief regional updates regarding circulating measles genotypes detected by surveillance activities, with a focus on the past 3 years.
LESSONS LEARNED FROM MOLECULAR EPIDEMIOLOGY OF MEASLES VIRUS
The combination of molecular epidemiology and standard case classification and reporting provides a very sensitive means to describe the transmission pathways of measles. Virologic surveillance is especially beneficial when it is possible to monitor the viral genotypes in a particular country or region over time, because this information has helped to document the interruption of transmission of endemic measles [1, 2, [16] [17] [18] [19] . Evidence of the absence of an endemic genotype(s) is one of the criteria for verifying measles elimination in a country or region (endemic genotype(s) are defined as a genotype or genotypes associated with endemic transmission of measles).
The virologic surveillance data has shown that vaccination programs can reduce the number of co-circulating chains of transmission and eventually interrupt measles transmission. However, viruses are continually being introduced from external sources, and if the number of susceptible individuals increases, sustained transmission of the newly introduced viral genotype is possible. This results in what appears as a rapid change in the endemic genotype [20] [21] [22] [23] .
All measles vaccines belong to genotype A [24] , which is a genotype that is not associated with documented endemic transmission in any part of the world. Because serologic methods cannot distinguish between a vaccine-induced antibody response and antibodies derived from natural disease, molecular characterization of viral isolates provides the only method to differentiate between natural infection and vaccine-induced adverse events. In elimination settings, rapid confirmation of these vaccine reactions will be needed to ensure that a public health response is not initiated needlessly.
Another lesson learned is that, if large measles outbreaks are occurring anywhere in the world, the viruses are soon detected almost everywhere. Measles transmission can occur anywhere, and molecular techniques are often the only method for identifying the source of an outbreak or isolated case when standard case reporting fails to identify a source. Exposures can occur in airports or other areas frequented by international travelers, such as amusement parks, conferences, and sporting events. In 2005, sequence information was used to link cases that occurred in the Netherlands to an exposure in an airport in the United States [25] , whereas in 2007, sequence data were used to link cases that occurred in Texas and Michigan to an imported case at an international youth sporting event in Pennsylvania [26, 27] . Of course, molecular studies can only confirm independent sources of infection if different genotypes or clearly distinct lineages are detected (lineage is defined as a group of viruses with identical or nearly identical N-450 sequence that suggest that they represent a single chain of transmission). However, if viruses from the same lineage are detected in nonlinked cases in a particular country, the molecular data alone may not be able to differentiate between continuous circulation of virus and multiple introductions from the same source. This limitation can be addressed by analysis of the epidemiologic data. In addition, expanding the size of the region of the measles genome used for sequence comparison may allow more-precise definition of lineages, and this method is currently being evaluated by LabNet [28] .
MEASLES DATABASES
Because of the importance of molecular surveillance activities for measles viruses, it is now even more necessary to be able to compare sequence information, in addition to the genotype information. Genotypes contain multiple distinct lineages. Therefore, comparing sequences is the most sensitive means to identify and map transmission chains. However, to make realtime monitoring of measles transmission chains possible, sequence and genotype information must be reported to centralized databases in a timely manner, and this information must be available to members of LabNet. Until recently, the public access database, GenBank (http://www.ncbi.nlm.gov), was the only repository for measles sequence information. Unfortunately, the release of information through GenBank is often delayed, and the entries are not curated and often lack important epidemiologic information. More recently, a number of different systems or databases have become available to collect and disseminate measles genotypic information.
However, the information collected varies widely as to whether it is aggregate or individual data, whether it includes genotype information only, and whether the sequence information is available ( Table 1 ). The first global database available for measles genotypes was developed at WHO Headquarters in Geneva, Switzerland. Timely reporting of genotype information to the WHO database is a performance indicator for accreditation of the Regional Reference Laboratories. The WHO database for measles contained 7600 entries from 124 countries as of 1 June 2010. Although sequence data are not reported to this database, the GenBank accession number, if available, is listed. Contact details of the submitting laboratory are provided in the event that further information is needed. A similar database has been developed for rubella viruses, which contained .600 entries from 39 countries at the same point in time.
The MeaNS (Measles Nucleotide Surveillance; http://www. who-measles.org) database is a joint project between the Health Protection Agency (London, UK) and the WHO. Currently, the database collects sequence information from the complete sequence of the measles hemagglutinin (H) gene, the complete sequence of the nucleoprotein (N) gene, or the sequence of the COOH-terminal 450 nucleotides of the N gene (N-450). Additional information, including epidemiological information on the patient, is also collected. There must be sufficient information provided to create a standardized name for the sequence, as recommended by the WHO [11] . Sequence data are entered into the database either by individual contributors or by a weekly search of sequences submitted to GenBank. The data are quality checked and organized, first automatically by the database application and then manually by a curator. In addition, the deposited sequences are assigned a genotype and a cluster identifying number by matching against WHO reference sequences and the unique sequence clusters in the database, respectively. All individual sequences can be assigned for ''Public viewing'' or ''Private.'' If the latter is chosen, the sequence information is only available to the administrators or those working in the WHO regional or global offices.
Dynamic reports and graphical charts can be created on any user-selected fields in the MeaNS database (eg, genotype or sequence variation in a geographical location or time period). Relevant data can be uploaded to GenBank using a specially created interface, and all submitted sequence names and genotypes are submitted weekly to the WHO. Bioinformatics tools in MeaNS allow one to find identical or similar sequences, assign a genotype, display phylogenetic trees, and to temporally and spatially track measles transmission chains. Access to the database is by registration on the website. Currently, only sequences in ASCII format can be submitted, but future developments are planned to enable uploading of sequence trace files and qualitychecking mechanisms to be undertaken. It is anticipated that a similar database for rubella will be developed to enable similar tracking of rubella sequences.
To date (1 June 2010), there are 4751 sequences entered into the database from 4403 different samples. Of these, .4200 sequences are from N-450, and 480 are full-length H gene. Thirty-four percent of the samples submitted belong to genotype D4, which reflects the recent outbreaks in different parts of the world caused by this genotype. The number of sequences submitted from different countries varies tremendously, with 39% of all the sequences in the database from the United Kingdom reflecting their use of oral fluid samples for routine measles surveillance, which can be used for both case confirmation and molecular epidemiology.
GLOBAL DISTRIBUTION OF MEASLES GENOTYPES
LabNet support for virologic surveillance is now well established in all WHO regions. Although virologic surveillance in some areas is still not adequate, a global picture has emerged ( Figure 1 , Tables 2-7) [2, 14] . Figure 1 is based on submissions to the WHO genotype database, whereas more-specific information for each region is presented in Tables 2-7 . Some tables contain information that has not yet been reported to the WHO database. Note that the lack of an entry in the column describing endemic genotypes in Table 2 and Tables 4-7 is not meant to imply that the country has achieved measles elimination.
In general, 3 patterns of measles genotype distribution have been described. In countries that still have endemic transmission of measles, the majority of cases are caused by one or several endemic genotypes that are distributed geographically. In these cases, multiple co-circulating lineages within the endemic [29, 30] . The circulation of genotype B3 cluster 2 viruses appears to be more limited to Western Africa [21, 31] . Genotype B3 has been associated with frequent importations from African countries into other parts of the world [25] . Genotypes D2, D4, and D10 had been the most frequently detected genotypes in the southern and eastern parts of the African continent [32] [33] [34] [35] , although more recent outbreaks in Kenya, Uganda, Burundi, and Tanzania have been caused by genotype B3 viruses [25] . Genotypes D4 and D10, which had been circulating in eastern Africa, have not been detected in that region in the past 3 years, and D10 has not been detected anywhere since 2005 [36] . Genotype B2 was considered inactive because, until recently, no representative viruses had been isolated since 1984. However, genotype B2 viruses were detected in Angola and South Africa during 2002-2003, primarily in association with cases and importation from Angola and in the Central African Republic [37, 38] , and in 2004, there was an abrupt shift from genotype B3 to genotype B2 during an outbreak in Kinshasa (Democratic Repubic of the Congo) [39] . During 2007-2009, 21 genotype B2 sequences were reported from the Democratic Republic of the Congo, Zambia, and Angola (Table 2) . A single case of genotype B2 was found in Namibia in 2010, indicating that the genotype is still circulating. Two viruses in genotype D8 were detected in South Africa, and these likely represented importations of virus from India, where genotype D8 is endemic (S. Smit, unpublished data).
MEASLES VIROLOGIC SURVEILLANCE IN THE AMERICAS
The Measles and Rubella Laboratory Network for the Region of the Americas consists of 21 National Laboratories, 124 subnational laboratories, 2 Regional Reference Laboratories, and 1 Global Specialized Laboratory. Endemic transmission has been eliminated in many areas of the world, including the all of the countries in the Western Hemisphere, Region of the Americas (AMR) [16, 40] . Analysis of viruses isolated from measles cases and outbreaks in the Americas indicates that there is no ongoing transmission of an endemic genotype or genotypes. Rather, the diversity of genotypes detected in the past 15 years is indicative of multiple, imported sources of virus [17, 40] . Five different genotypes were associated with imported cases in the AMR from 2007 through 2009 (Table 3) . Some were associated with isolated cases, whereas others were responsible for relatively small outbreaks [41] [42] [43] [44] . Most recently, in 2010, an outbreak occurred in Canada that was due to importation from travelers and athletes attending the 2010 Winter Olympic Games. Genotype H1 and 2 distinct strains of D8 were detected (National Microbiology Laboratory, unpublished data).
MEASLES VIROLOGIC SURVEILLANCE IN THE WHO EASTERN MEDITERRANEAN REGION
The WHO Regional Office for the East Mediterranean Region (EMR) has established a regional goal to eliminate measles by 2010 with laboratory support of surveillance as an essential component of the program. All 22 countries in the region have established National Measles and Rubella Laboratories.
In 2002, very few countries in the Region had initiated virologic surveillance for measles [45] . However, starting in 2007, the countries in the EMR have made remarkable progress in identifying circulating measles virus as a result of the increased capacity of the laboratory network for virus detection and genotyping [46] [47] [48] .
Seventeen (77%) of the 22 countries in the EMR have identified measles genotypes between 2007 and 2009, of which 16 have reported measles genotypes to the WHO Genotype Database (Table 4 ). The 166 sequences reported included genotypes B3, D4, D5, D8, and H1. The most frequently detected genotype is D4, which was detected in 12 of the 17 countries and represented 53% of the sequenced genotypes. Genotype D4 has been associated with ongoing endemic transmission in the EMR and has been associated with major outbreaks in Syria, Egypt, Iraq, and Iran, despite reported high vaccination coverage in these countries. However, in some countries, such as Morocco, Oman, and Bahrain, genotype D4 was only found in limited numbers of cases after importation from other countries that were probably within the region. Genotype B3 caused outbreaks in Libya in 2009 and was imported to Tunisia. An outbreak associated with genotype B3 occurred in Yemen and was imported to Oman. Genotype B3 was detected in 6 countries and was the second most common genotype in the region, comprising of 29% of the reported genotypes.
MEASLES VIROLOGIC SURVEILLANCE IN THE WHO EUROPEAN REGION
The WHO European Region (EUR) had adopted the target to eliminate measles and rubella and to prevent congenital rubella infection by 2015. (Table 5) .
From 2007 through 2009, .2000 measles sequences were determined. Genotypes B3, D4, D5, D6, D8, D9, H1, and A (vaccine associated) were found. Transmission of the genotypes C2 and D6, which were previously endemic in some parts of Europe, has apparently been interrupted [20, 23] [49] . Genotypes D4 and D5 were both associated with large numbers of cases and evidence of endemic transmission. D5 was introduced into Switzerland, presumably from Thailand, by the end of 2006. From the subsequent outbreak [50] , the virus spread to Germany, Austria, Belgium, France, Norway, Denmark, and other countries [51, 52] and circulated in the EUR for at least 2.5 years. A D4 strain was introduced into the UK in spring 2007 (source unknown), spread initially within the traveler community and then within the Orthodox Jewish community before entering the more general population [53] . The outbreak continued until autumn 2009, spreading to many other countries both inside and outside the EUR. In addition, a background of other D4 variants was observed. One D4 variant was transmitted from Germany to Bulgaria and initiated an outbreak in 2009, which was ongoing in 2010 [54] . The epidemic of .24,000 cases in Bulgaria occurred after several years without endemic measles circulation and was limited mostly to the ethnic group of the Roma.
With respect to measles elimination, the EUR gives a heterogeneous picture. Several countries in Eastern and Northern Europe reported few measles cases and have reached the elimination stage. All cases were associated with importations, and the pattern of measles genotypes detected is consistent with the elimination of indigenous measles. The Russian Federation and most Newly Independent States (NIS) countries have made remarkable progress towards elimination [49] , whereas many countries in Western Europe still report a high incidence of measles. Some countries even have evidence of renewed endemic transmission after a period of low number of reported cases. Factors that contribute to the failure to reach elimination in the latter countries are low vaccination coverage in some age groups, partially because there are no mandatory vaccination programs; the presence of individuals who refuse vaccination even if offered; and the absence of effective strategies to provide vaccination to travelers and other hard-to-reach groups [55] .
MEASLES VIROLOGIC SURVEILLANCE IN THE WHO SOUTHEAST ASIAN REGION
From 2007 to 2009, the majority of the 98 viral genotype reports sent to the WHO Global Measles Database from the Southeast Asian region (SEAR) were from India (Table 6 ). This is because of the rapid and successful expansion of LabNet activities in India, which is a country with widespread endemic circulation of measles virus. Previously, genotypes D4 and D8 have been isolated in India and Nepal [9, [56] [57] [58] [59] , and genotype D4 and D8 viruses have also been detected in measles cases imported into the United States from India [17, 40] . Genotype D7 was detected in a few sporadic cases in India [60] . During 2007 During -2009 , all of the genotypes reported from India were D4 or D8. During this period, genotypes D5 and D9 were detected in Thailand, and genotypes D4 and D8 were detected in Nepal. In 2007, genotype H1 was detected in the Democratic People's Republic of Korea. Virologic surveillance prior to 2007 also indicated that genotypes G2, G3, and D9 appeared to be the endemic genotypes in Indonesia and East Timor [61] . Genotype G2 has been detected in Thailand in the early 2000s, in addition to genotype D5. Genotype D5 was detected from a small outbreak in the Maldives in 2005, and genotypes D5 and D9 were detected in Myanmar.
MEASLES VIROLOGIC SURVEILLANCE IN THE WHO WESTERN PACIFIC REGION
With the target to eliminate measles by 2012, all of the countries in the Western Pacific Region (WPR) are conducting case-based surveillance for measles, and virologic surveillance is well established in the region. Some countries (eg, Australia) have a pattern of viral genotypes that is consistent with elimination of endemic virus (Table 7) . From 2007 through 2009, countries in WPR submitted genotype information from 1127 cases to the WHO Global Measles Database. Of these, 990 were genotype H1, and 820 of these reports were from China (Table 7) . Therefore, genotype H1 continues to be the indigenous strain in China. The Chinese genotype H1 sequences have been divided into 3 clusters, H1a, H1b, and H1c [62] , and all of the recent sequences were members of cluster H1a [63, 64] . The H1 [66] . Elsewhere in WPR, genotypes H1, D9, G3, and D5 were associated with endemic transmission in several countries, and genotypes D4, D5, D8, D9, H1, and B3 were associated with imported cases in the region (Table 7) . Genotype D3 had been associated with endemic transmission in the Philippines, but recent viral isolates are genotypes D9 and G3. Genotype 
SUMMARY AND FUTURE CHALLENGES
As several regions move toward measles elimination goals, adequate virologic surveillance will become an essential component of the surveillance systems that will be needed to verify that the elimination targets have been reached. The information presented in this report has briefly documented the tremendous expansion of global virologic surveillance for measles through the actions of LabNet. The laboratory methods to perform genetic analysis of wild-type measles strains are firmly established in all regions, and all of the WHO Regional Reference Laboratories have the capacity for virus isolation, reverse-transcription polymerase chain reaction (RT-PCR), and sequencing. An efficient mechanism has been established for timely reporting of sequence information. All of the LabNet laboratories are now using a single cell line, Vero/hSLAM [67] , for isolation of both measles and rubella viruses. It is particularly encouraging that some countries were able to detect very small numbers of imported cases despite widespread circulation of an endemic genotype.
Although viral isolates were not obtained from all countries during the 3-year time period presented in this report, most countries with endemic measles have conducted some baseline virologic surveillance. One of the challenges for LabNet will be to continue to expand virologic surveillance activities, especially in those countries where no or only sporadic virologic surveillance has occurred. Periodic training is essential to ensure that laboratory staff are proficient in the methods for cell culture as well as RT-PCR and sequencing, if applicable. LabNet laboratories are now actively developing quality control and quality assurance protocols for the molecular techniques so that this part of laboratory surveillance will be held to the same high standards that are currently in place for serologic testing.
The other major challenge for virologic surveillance is obtaining adequate samples from representative cases and outbreaks. This is particularly challenging in areas that lack the infrastructure for sample collection, storage, and shipment. The use of alternative sample collection methods, such as oral fluids and blood dried onto filter paper, should help in this regard [68] .
Molecular surveillance in many countries and in the EUR, in particular, has shown that the endemic genotype or genotypes can change relatively quickly. Therefore, constant monitoring of cases and outbreaks is necessary.
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